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Abstract—In this paper, we propose a new optimization-based
access strategy of multipacket reception (MPR) channel for
multiple secondary users (SUs) accessing the primary user (PU)
spectrum opportunistically. We devise an analytical model that
realizes the multipacket access strategy of SUs that maximizes
the throughput of individual backlogged SUs subject to queue
stability of the PU. All the network receiving nodes have MPR
capability. We aim at maximizing the throughput of the individual
SUs such that the PU’s queue is maintained stable. Moreover, we
are interested in providing an energy-efficient cognitive scheme.
Therefore, we include energy constraints on the PU and SU
average transmitted energy to the optimization problem. Each
SU accesses the medium with certain probability that depends
on the PU’s activity, i.e., active or inactive. The numerical results
show the advantage in terms of SU throughput of the proposed
scheme over the conventional access scheme, where the SUs access
the channel randomly with fixed power when the PU is sensed
to be idle.
Index Terms—Cognitive radio networks, energy efficiency,
multipacket reception, queue, quality of service (QoS).
I. INTRODUCTION
Cognitive radio networks (CRN) have been a hot areaof research for a decade due to its opportunistic, agile
and efficient spectrum utilization merits [1]–[3]. Cognitive
radios, in the literature, promote three methods of sharing
the spectrum with the primary user (PU); namely, overlay,
underlay and interweave schemes [4]. Under collision wireless
channel model, the authors of [5], [6] studied the stability of
multiple access slotted ALOHA systems. The authors used
the concept of dominant systems to characterize the stability
region and provide sufficient and necessary conditions for
stability of the system. Time is slotted and each node randomly
accesses the channel. In [7], the authors investigated the
stability region, capacity and throughput for multiple access
ALOHA systems.
In [8], Sadek et al. investigated the stability region of a
network composed of a cognitive relay that aids multiple nodes
for the transmission of their packets to a common destination.
The proposed cooperative protocols enable the relaying node
to aid the transmitters operating in a time-division multi-
ple access (TDMA) network in their silent periods due to
source burstiness. In [9], El-Sherif investigated the stability
region of a network composed of multiple relays cooperate
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in forwarding the traffic of multiple PUs during their silence
periods with the coexistence of multiple secondary nodes. The
authors considered two secondary access scenarios which give
inner and outer bounds to the original system’s performance.
Under the first scenario, the secondary users (SUs) discern
the activity of both the PUs and the relays at each time slot,
thereby remaining silent when any of them is active. Under the
second scenario, the relays and the SUs randomly access the
channel every time slot and thus transmissions may collide.
Consequently, packet loss may occur. In [10], the authors
propose two order cognitive access schemes which differ in
terms of the required coordination between the secondary
terminals. Under the proposed schemes, the secondary termi-
nals are ordered in terms of channel accessing. The proposed
protocol is studied from the network layer point of view with
a collision-based wireless channel model.
In [11], the authors introduced a generalized channel
model with multipacket reception (MPR) capability for slotted
ALOHA systems where receivers are capable of decoding
under interference. They investigated the stability of the sys-
tem compared to the collision channel model. Authors in [12]
studied the impact of MPR on stability and delay of slotted
ALOHA-based random access systems. The stability region is
characterized using dominant systems approach. Kompella et
al. in [13], characterized the stable-throughput region of an
SU sharing the channel with a PU. The PU has unconditional
access to the channel, while the SU transmits its packets with
some access probability that changes based on the primary
queue state. Precisely, if the PU is inactive, the SU accesses
the channel unconditionally, and if the PU is active, the
SU accesses with some probability. The channel sensing is
assumed to be perfect. In [14], the authors investigated a
cognitive setting with one PU and one rechargeable SU. The
SU randomly accesses and senses the primary channel and can
possibly leverage the primary feedback. Receivers are capable
of decoding under interference as they have MPR capabilities.
The authors investigated the maximum secondary throughput
under the PU stability and delay constraints. In [15], the SU
randomly accesses the channel at the beginning of the time
slot to exploit the MPR capability of receivers. The SU aims
at maximizing its throughput under PU’s queue stability and
certain queueing delay requirement for the PU.
Energy efficient protocols are of a great importance cur-
rently due to the huge demand on applications and communi-
cations of limited energy. In this paper, we focus on energy-
efficient and power-limited communication systems; hence, we
2consider an underlay cognitive scheme that matches our inter-
ests in studying both the PU and SUs energy and interference
effects as explained later. Using cognitive networks in the field
of “Green Communications” was introduced earlier by [16].
A recent survey on energy-efficient wireless communications
and new protocols are presented in [17]. The authors of [18]
discussed the energy-efficient relay selection techniques in a
cooperative heterogeneous radio access network. Fundamental
trade-offs and challenging problems regarding green commu-
nications are explained in [19].
In this paper, we devise a new model that captures energy
efficiency and throughput optimization. Our contributions can
be summarized as follows:
• We propose a new access scheme that maximizes
throughput of individual SUs, while guarantees the stabil-
ity of the PU’s queue and limits the transmission powers
of SUs and PU.
• We show that the SUs throughput increase via controlling
the optimization problem variables.
• We conduct a comprehensive study to show the effect of
the system parameters on both throughput maximization
and power efficiency from a design perspective.
The rest of the paper is organized as follows. The system
model is presented in Section II. Then the throughput is
characterized in Section III. We perform the optimization
problem in Section IV. Numerical results are presented in
Section V. Finally, we conclude our work in Section VI.
II. SYSTEM MODEL
In this paper, we consider a single primary link and Ms
secondary links sharing one frequency channel as shown in
Fig. 1. Time and channels are slotted. Each time slot is T
seconds in length. The PU has a total transmission bandwidth
of W Hz. The primary transmitter has a buffer (queue) Qp
modeled as Geo/Geo/1 queueing system. The arrivals at the
primary queue are assumed to be independent and identically
distributed (i.i.d) Bernoulli random variables with stationary
mean λp ∈ [0, 1] packets per time slot. We adopt a late-arrival
model for the primary queue, where a packet cannot be served
in the arrival time slot even if the queue is empty. Each sec-
ondary transmitter has a buffer for storing its arrived packets,
denoted by Qj , j ∈ {1, 2, . . . ,Ms}. The SUs are assumed to
be saturated (always backlogged) with data packets, i.e., each
SU has a data packet to send every time slot. All buffers of
the system have infinite capacity [8], [13], [15].
We assume that the SUs sense the medium perfectly each
time slot to detect the activity of the PU as in [13] and
the references therein. This assumption is practically valid
if the channel sensing duration is long enough to guarantee
negligible sensing errors which is the case we have. All SUs
randomly access the medium every time slot with certain
access probability that changes based on the state of the sensed
PU. Typically, if the medium is sensed to be idle, the jth SU
accesses the medium with probability a(j)1 and power γ
(j)
1 .
On the other hand, if the medium is sensed to be busy, the
jth SU accesses the medium with probability a(j)2 and power
γ
(j)
2 such that, a
(j)
1 ≥ a
(j)
2 . The basic idea of our proposed
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Fig. 1. Primary and secondary links. The solid links represent the com-
munication links, while the dotted links represent the interference links. In
the figure, we denote the primary and secondary destinations by PD and SD,
respectively.
scheme relies on the fact that if all users or a group of them
simultaneously transmit a packet, the receivers still can decode
the packets with a non-zero probability. This occurs due to the
availability of the MPR capability at the receiving nodes.
For the simplicity of our presentation, we assume that
all SUs are symmetric (a similar assumption is found in
the literature, e.g., [9]). This implies that all channels have
similar distribution for channels and all SUs transmit with the
same power levels and access the channel with equal access
probabilities. Specifically, the statistics of the channel gains
for all SU are equal. Moreover, γ(j)ℓ = γ
(i)
ℓ and a
(j)
ℓ = a
(i)
ℓ
for all j, i ∈ {1, 2, . . . ,Ms}, j 6= i and ℓ ∈ {1, 2}.
The SUs are energy-aware nodes that aim at efficiently
expending their energy to maximize their performance and
to satisfy certain quality of service (QoS) requirements for
the PU. The SUs sense the medium for τ seconds from the
beginning of each time slot to determine the state of the PU.
If a terminal transmits during a time slot, it sends exactly
one data packet whose length is b bits. Accordingly, the
transmission rate of the secondary terminals is r˜s = b/(T−τ).
The PU accesses the channel unconditionally at the beginning
of the time slot if its queue is non-empty; hence, the primary
transmission rate is rp = b/T . The transmit power of the PU
is γp Watts/Hz.
We assume block Rayleigh fading channels, where the
channel gain from node n1 to node n2, denoted by hn1,n2 ,
is assumed to be fixed during one slot, but changes from time
slot to another according to exponential distribution with mean
1/δn1,n2 . Let pd and sdj denote the primary destination and
the jth SU’s destination, respectively. The set of transmitters
is given by n1 ∈ {p, 1, 2, . . . ,Ms}, whereas the set of
receivers is given by n2 ∈ {pd, sd1, sd2, sd3, . . . , sdMs}. Due
to symmetry, δsj ,sdj = δss, δp,sdj = δps, δsj ,pd = δsp, and
δp,pd = δpp. The thermal noise at any receiver is modeled as
additive white Gaussian noise (AWGN) with zero mean and
power spectral density N◦ Watts/Hz.
The medium access scheme can be summarized as follows:
• The PU accesses the channel at the beginning of the time
3slot if it has a packet at the head of its queue.
• The SUs sense the channel over the time interval [0, τ ]
to declare the state of the PU.
• If the PU is idle, each SU randomly accesses the channel
with probability a1 and transmit power level γ1 Watts/Hz.
• If the PU is active, each SU randomly accesses the
channel with probability a2 and transmit power level γ2
Watts/Hz.
• At the end of the time slot, each receiving node sends
back a feedback signal to the respective transmitter to
declare the state of the decodability of the transmitted
packet. If the packet is decoded correctly, the respec-
tive receiver sends back an acknowledgement (ACK).
If the packet is decoded erroneously, due to channel
outages, the respective receiver sends back a negative-
acknowledgement (NACK), and the packet will be re-
transmitted in the following time slots.
III. THROUGHPUT ANALYSIS AND PROBLEM
FORMULATIONS
Conventionally queue stability is considered as a funda-
mental performance metric in any communication system.
Specifically, suppose Q(t) denotes the length of queue Q
at the beginning of time slot t. Q is said to be stable if
limI→∞ limt→∞ Pr(Q
(t) < I) = 1 [8], where I is a positive
constant and Pr(·) represents the probability of the argument
event. If the queues are characterized with strictly stationary
arrival and departure processes, we can apply Loynes criterion
to check the stability of each queue [8]. This theorem states
that if the arrival process and the service process of a queue
are strictly stationary, and the average service rate is greater
than the average arrival rate of the queue, then the queue is
stable.
Denote by X tp the number of arrivals to queue Qp in time
slot t, and Stp the number of departures from queue Qp in time
slot t. The queue length evolves according to the following
form:
Qt+1p = (Q
t
p − S
t
p)
+ + X tp (1)
where (z)+ = max(z, 0) denotes the maximum between z
and 0. The queue size is measured at the beginning of the
time slot, and departures occur before arrivals [8].
Let µs = µjs denote the mean service rate of an SU and µp
denote the mean service rate of the PU. The mean service rate
of the jth SU is given by
µs=Pr (Qp=0)
[
Ms−1∑
k=0
(
Ms
k
)
ak1(1−a1)
Ms−kP s(Success|k)
]
+Pr (Qp 6=0)
[
Ms−1∑
k=0
(
Ms
k
)
ak2(1−a2)
Ms−kP s(Success|k+PU)
]
(2)
where k+1 is the number of active SUs in a certain time
slot, i.e., k active SUs plus the jth user, P s(Success|k) is
the probability of decoding the jth SU packet successfully
given that k out of Ms − 1 SUs are accessing the medium
simultaneously with the jth SU while the PU is idle, and
P s(Success|k + PU) is the probability of successful packet
decoding of the jth SU when k SUs and the PU are accessing
the channel at the same time.
Next, we characterize the different probabilities in equation
(2). The probability of the primary queue being empty is given
by
Pr(Qp = 0) = 1− Pr(Qp 6= 0) = 1−
λp
µp
, (3)
where
µp =
Ms∑
k=0
(
Ms
k
)
ak2(1− a2)
Ms−kP p(Success|k). (4)
A successful transmission for the PU occurs if the transmission
rate used by the primary transmitter is less than or equal
to the channel instantaneous capacity in a certain time slot,
which occurs with probability P p(Success|k) when only k
SUs are active. Next, we derive the SU success transmission
probability, P s(Success|k), and the PU success transmission
probability, P p(Success|k). However, the complete derivation
is given in the Appendix.
P s(Success|k+PU)=Pr {r˜s≤ log2(1 + SINR)}
where SINR is the signal-to-interference-and-noise ratio. Due
to symmetry, the probability of successful packet reception of
the jth SU under interference of a set K of SUs depends on
the number of SUs only. Assume that the active set is denoted
by A ⊆ {1, 2, . . . ,Ms} with cardinality 0 ≤ K ≤ Ms. Let
rs = 2
r˜s − 1. Hence, the probability of successful decoding
of a packet at the ith SU’s destination in case that the PU is
active can be expressed as:
P s(Success|K+PU)=Pr

rs< γ2hi,sdiN◦+γphp,sdi+∑θ∈A
θ 6=i
γ2hθ,sdi


(5)
For simplicity, we define hθ,sdi = gθ, hi,sdi = gi, and hp,sdi =
gp. The probability in (5) can be rewritten as:
P s(Success|K+PU)=Pr

rs< γ2giN◦+γpgp+∑θ∈A
θ 6=i
γ2gθ


(6)
If the PU is idle, we have
P s(Success|K)=Pr

rs< γ1giN◦+∑θ∈A
θ 6=i
γ1gθ

 (7)
Similarly, the correct packet reception of the PU is given by
P p(Success|K)=Pr
{
rp<
γpgp
N◦+
∑
θ∈A
γ2gθ
}
(8)
After the mathematical derivation given in the Appendix, the
above probabilities are characterized as:
P s(Success|K+PU)=e−δss
rsN◦
γ2

 1
1 +
δssrsγp
γ2δps

 ∏
θ∈A
(
1
1+rs
)
(9)
4where e−δss
rsN◦
γ2 represents the probability of successful sec-
ondary decoding when one SU is solely accessing the channel
while PU is active. Since 1/(rs + 1) is independent of k, the
probability in (9) is rewritten as
P s(Success|K + PU)=e−δss
rsN◦
γ2

 1
1+
δssrsγp
γ2δps

( 1
1+rs
)K−1
(10)
Similarly,
P s(Success|K) = e−δss
rsN◦
γ1
K∏
k=1
k 6=i
(
1
1 + rs
)
(11)
Hence,
P s(Success|K)=e−δss
rsN◦
γ1
(
1
1+rs
)K−1
(12)
In a similar fashion, the successful probability of a primary
transmission when K SUs are active is given by
P p(Success|K) = e
−δpp
rpN◦
γp
K∏
k=1

 1
1 +
δpprpγ2
δspγp

 (13)
Hence,
P p(Success|K) = e
−δpp
rpN◦
γp

 1
1 +
δpprpγ2
δspγp


K
(14)
where e−δpp
rpN◦
γp represents the probability of primary packet
decoding when the PU is solely accessing the channel. Now,
we can write the expression of the throughput of the ith SU
by substituting from equation (4) into (3) then, substitute from
equation (3), (9), (16), and (13) into (2) to get (15) at the top
of this page.
IV. OPTIMIZATION PROBLEM
In this section, we present the optimization problem adopted
in this paper. The SUs aim at maximizing their throughput
given in (15) under stability constraint on the primary queue
and average energy constraints on both the PU and the SU.
The optimization problem is stated as follows.
maximize
a1,a2,γ1,γ2
µs
subject to λp ≤ µp
Ep ≤ Eth,p.
Es ≤ Eth,s.
(16)
where Es and Ep are the secondary and the primary average
transmit energy, respectively, Eth,s and Eth,p are the maxi-
mum allowable average transmit energy for the secondary and
the primary terminals, respectively. The values of Eth,s and
Eth,p depend on the application. The average transmit energy
of the SU is given by
Es =
[
a1γ1(1−
λp
µp
) + a2γ2
λp
µp
]
(T − τ) (17)
The expression is explained as follows. If the PU is inactive,
which occurs with probability (1 − λp
µp
), each SU transmits
with γ1(T − τ) energy units with probability a1, while if the
PU is active, each SU transmits with γ2(T − τ) energy units
with probability a2.
Similarly, the average transmit energy of the PU is given
by
Ep = γpT
λp
µp
(18)
It should be pointed out here that the energy constraint on
the PU is important to manage the average interference caused
by the SUs on the PU. Specifically, if the average probability
of successful decoding of the primary packets is decreased due
to concurrent transmissions with the SUs, the probability of the
primary queue to be non-empty will increase which, in turn,
increases the average transmit primary energy. Based on that,
having such constraint will always guarantee managing the
access probabilities of the SUs such that the average transmit
energy of the PU remains bounded.
The optimization problem (15) is solved numerically using
MatLab [14]. Since the optimization problem is generally
nonconvex due to nonconvexity of the secondary mean service
rate, µs; the solver produces a local optimum solution. To
enhance the quality and reliability of the solution and increase
the likelihood of obtaining the global optimum, the optimiza-
tion problem is solved many times, e.g., 1000 times, with
different initializations of the decision variables. We note that
since the access probabilities and power levels are obtained
for a given average parameters of channels and arrival rates,
as far as the average parameters are not changed, the difficulty
of obtaining the optimization parameters are not high. More
specifically, once we solve the problem for given parameters,
the system can work for a long time using the obtained optimal
parameters. More investigation of the optimization problem is
part of our ongoing research. When the optimization problem
is solved, the optimal access probabilities and the power levels
are then announced to all SUs.
V. NUMERICAL RESULTS
In this section, we present the results of our proposed
scheme. We highlight our significant enhancement due to
increasing the degrees of freedom of the optimized system.
Table I represents the numerical values of the system’s pa-
rameters.
In order to show the gain of our proposed scheme, in Fig.
2, we plot the maximum secondary throughput for different
numbers of the SUs. It is shown that as the total number of
SUs, Ms, increases, the maximum secondary throughput for
each SU decreases. This can also be conducted from equation
(15), since the fraction of the access probabilities a1 and a2
are inversely proportional to Ms. Moreover, the transmission
power levels, γ1 and γ2, assigned to SUs accessing the medium
5µs =
Ms−1∑
K=0
(
Ms
K
)
aK1 (1− a1)
(Ms−K)e
−δss
rsN◦
γ1
(
1
1 + rs
)K−1
−
λp
∑Ms−1
K=0
(
Ms
K
)
aK1 (1 − a1)
(Ms−K)e
−δss
rsN◦
γ1
(
1
1+rs
)K−1
∑Ms
K=0
(
Ms
K
)
aK2 (1− a2)
(Ms−K)e
−δpp
rpN◦
γp
(
1
1+
δpprpγ2
δspγp
)K
+
λp
∑Ms−1
K=0
(
Ms
K
)
aK2 (1− a2)
(Ms−K)e−δss
rsN◦
γ2
(
1
1+
δssrsγp
δpsγ2
)(
1
1+rs
)K−1
∑Ms
K=0
(
Ms
K
)
aK2 (1− a2)
(Ms−K)e
−δpp
rpN◦
γp
(
1
1+
δpprpγ2
δspγp
)K
(15)
T = 10−3 sec τ = 0.1T sec b = 10000 bits W = 10 MHz N◦ = 10−11 Watts/Hz
δss = 2 δpp = 1 δps = 2 δsp = 3
Eth,s = 5× 10
−5 joules Eth,p = 10−3 joules γ1 = 2× 10−10 Watts/Hz γ2 = 1× 10−10 Watts/Hz
TABLE I
PARAMETERS’ NUMERICAL VALUES.
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Fig. 2. Maximum secondary throughput for Different Ms.
acceptable interference to the PU. For comparison purposes,
we plot the case of conventional access scheme, where users
access the channel with some probability when the PU is
detected to be inactive. The power used by SUs in case of
conventional access scheme is provided in Table I. Note that
the SUs remain idle when the PU is sensed to be active; hence,
the transmit powers and the access probabilities of SUs are
zero. The beneficial gain of the proposed protocol in case of
adaptive and fixed powers is notable.
In Fig. 3, we illustrate the benefit we gain by increasing
the system degrees of freedom by adding two additional
optimization variables, γ1 and γ2, rather than using a fixed
power scheme (fixed power levels values are shown in table
I). The figure is generated with the parameters in Table I
and Ms = 3. The figure shows that, when we optimize over
the transmission power levels we can increase the system
throughput for certain PU load. The problem with the fixed
power scheme is that, a SU may waste its opportunity to
increase its transmission power when the PU can tolerate more
interference due to existence of a small number of active SUs.
On the other hand, if the fixed power levels were high and
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Fig. 3. Maximum secondary throughput for fixed and adaptive powers
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Fig. 4. Maximum secondary throughput for different SU energy constraints.
greedy to gain as much throughput as possible, SUs in this
case will suffer higher outage probability causing a great loss
to the transmitted packets, and hence, the advantage of our
proposed scheme clearly appears.
Fig. 4, shows the effect of the SU average energy constraint,
6Eth,s, for three cases Eth,s = 0.1 joules, Eth,s = 5 × 10−6
joules and Eth,s = 10−7 joules, to represent the loose,
medium and strict constraints, respectively. It is clear that as
the constraint becomes more strict, it reduces the maximum
secondary throughput significantly. Adding an average energy
constraint on the SU reduces the feasible set, of the four
variables a1, a2, γ1 and γ2, over which the optimization
is done. Therefore, decreasing Eth,s (i.e, making the energy
constraint more strict) causes a significant reduction in terms
of the SU throughput.
VI. CONCLUSION
In this paper, we have investigated a cognitive network
scenario with multiple SUs trying to randomly access one
frequency channel. One of the main issues behind this work
is addressing the energy efficiency of a cognitive setting.
We have maximized the secondary throughput by using an
adaptive power scheme while maintaining the average energy
per user under certain threshold. As a fundamental point in
the cognitive networks, guaranteeing the PU stability is also
considered in the proposed scheme.
One possible extension of this work is to consider that the
secondary transmitters aid the PU to deliver its packets through
relaying. The possibility of having space-time coding at the
SUs while relaying the primary packet can be also utilized.
APPENDIX
Here, we give the details of the derivations of the prob-
ability of success, P s(Success|k), Prs(Success|k + PU) and
Prp(Success|k), used in equations (2) and (4). Assume that the
active set is denoted by A ⊆ {1, 2, . . . ,Ms} with cardinality
0 ≤ K ≤Ms. The ith SU successful transmission probability
when the PU is active is given by
P s(Success|K+PU)=Pr

rs< γ2giN◦+γpgp+∑θ∈A
θ 6=i
γ2gθ


(19)
P s(Success|K+PU)=Pr

rs< γ2giN◦+γpgp+∑θ∈A
θ 6=i
γ2gθ


(20)
= Pr

gi >
rs
γ2

N◦+γpgp + γ2 ∑
θ∈A
θ 6=i
gθ



 (21)
=
∫ ∞
xo=0
∫ ∞
x1=0
· · ·
∫ ∞
xMs=0
∫ ∞
xp=0
e
−δss
(
rsN◦
γ2
+
rsγpxp
γ2
+rs(x0+...+xK−1)
)
K−1∏
k=1
(
δsse
−δssxk
) (
δpse
−δpsxp
)
dx0dx1...dxKdxp
(22)
where e(·) is the exponential function. Since the channel gains
are i.i.d exponentially distributed random variables, which
is the case when channels are Rayleigh fading, the above
integration can be easily evaluated. After some mathematical
manipulations, we get
P s(Success|K+PU)=e−δss
rsN◦
γ2

 1
1 +
δssrsγp
γ2δps

K−1∏
k=1
k 6=i
(
1
1+rs
)
(23)
In a similar fashion, we can characterize the other successful
transmission probabilities.
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